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Njbil M 1 jmjiuI> 
(•(HUIjrtl SpjiC riiitlii (Vnli'i 
lin'cubdl, Mar>ljiul 


liilrtKiUi'lion 


Hun pjpcr JcHTibc!* Ilic icmpcralurt’ depoiuli’HiC i»l the power kuilput ol i,i4 opiu.ilU 


ptimiVil lur inliiiteil tl lR) laser. Ihe «leii\eil esprvr~»ions ate haseJ on a tale i\juation nunlel 


with temivratureilepeiulent rates. 


Ilte nunlel iise^l is a l\uir lesel seheine in whieh »*ne lesel lepiesents the hnnpeil elKMs 


ot all Ihe m'lil.isinj! rotational levels in the nppei vihialional inanilol\l 1 1 . 1 l‘i>!uie I is 


a seheniatie representation ol the nuulel. 


The rale etpiaiions ileserihinr: the ph>sual puKesses noolveil aie jtoen h\ 
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|H)|nil<ilion ol (ho O^ldlc in (lie jlnotur ol |nini|Mng. 
populiilioii »lon«ilic« ol %lalc*» 0, 1, 1 . aiul ri‘»|H*i'looly, 
mimhi't ol I IK photons. 

\thij|u«iul diul rolalioiul iclaxuluni tdlok, ri*%pOi'livol\ , 
Idle ol piimpinit. 

I in^lciii ikH'iru'ionl lot Hliimildloil inU'idclion goon In 


whofo 


c’ H»» 




i:> 


»• - I'lK lu'ipiciK'V. 

spk»nldiu'ini> hliMnno i>l‘ Iho J sidle. 

- ht'iiutgom'oiis linoM ikllh itl llic mnnuli/i'kl loiciil/un 
Ki't toi Ihi* I li.inMlum, 

g| . gj • klrgoiu'i.u> Idi lors lot levels I iiiul 2 , 

(N I'lK iiivil> hdir wiklih. 


These etpuilunis negleel spimlaiiektiis enusMon heeaiise Ihe sponianeous lilelime i>l Ihe 
TIK sidles IS ol (he iMilei of seeoiuls. Moreovei, il is asstitiieil dial is siii.illei (haii Ihe 
iolalioii.il relaxdlioii rale. . bill is slill huge enough dial Ihe ek»lhsiondl popiilalioiis ol I 
diul 2 ean he negleelekl. 


Die rjlo oquulionik ( la Ihrminli Ul) can he miUcU for llir <klcatly-i>laie cau* by 


all the lime denvalives equal lo /cru. I bin rcsulls m an i'(|inlibrium I IK photon dcnsil> 
Kivcn by : 

H. ^/ 

" " It, ♦g, V 

l'%ing Rigroil'x analysis of a homoycnoonsly bioadcncd ^>^cillal«)r |4 1 . the I IK ptmer 
omillcd may be cast in the form; 



» here 

I • relalive coupling Ios> per double pass, 
a ■ loss from other mechanisms, 
o ■ small signal g;iin per unit length. 

L ■ active length of the laser. 

P ■ saturation power. 

I>efining the active cavity volume as \ , equation 4 and the ste,idy-M.ile solutions yield' 
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1\|'u-4l of Ihc roicittMnn pdr4nu*lcr« 4ic I • fW. 4 - O'. 4iul I • I 7 m. 

^ m ' 

lcintvt4furr IV|viHf<‘»>c» lj\f\f hovstiiv 

I'o olM4in Iho U'tu|Vt4luir ilopnuloiut* of fiu' poMci oulpul of 4it I I K ovilbloi idaloo 
ifx i«HMU inuivtafuiv ivifoimaiKC, caxh ixtmp>MtoiU of l\ aiul o m i^pl4lUM1 4 intr.! tv 
M*n\uK'irtl in »lol4il. Ilio ilopciuloiwox will Iv o\pivvx»\l ni loiinx of 4 vomiaiil >. wliuh 
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(U'fiiu'x iho o|HM.ilm|t loiuivralmv. I . b\ 

I • yV I’f 

whou* r*' 4iul all >|vi 4 iililu'x with llio *' xupoix^npl iiMi'i lo I*' - .UU'K \ahu*x h ix imp'.Ml lo 
all ivxi.ilfx ihal llu' pu'xxurv aiul ^oliimo ivnuin xoiixiaiil I1u' loinivralinv Jo|Viuloiuc kM 
iMkli patatiu'U'i IX (jixiMi aiikl fnvix iixokl m iliix xiVtiiMi.all kU'toalikinx aio jjivon ni Iho \p|Viuli\ 

Iho ralo Vkpialioti nuslol kli'xonivki lofoix lo lluoo talox, all of whioh \ai\ wilh lompoia' 
tmo Ihoii xaitkMix klopoiulotuox an' lioon l'\ 
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%vhcr\' »'* (I (he linc-v'cntct frctiuciK') of (he irjKMlton (0 ‘^l. i<» (ho I'ump fiO(|uonk.y. 

4iul ^ 1 ^', u (ho Doppirr Imrw tilth of Iho (nhomo|toncou«ly hro.iilonoi1 iranMtton, 

Ilio Icmivrjiurtf iiopriulrnco of the I in<«lo(n ciH'lTictont, M«| , ix ulwIoO to Iho varijliktn 
of (yl hiVdUM’ of Iho rolalionkliip holMOoii the homogoiioinix Imoviitlih, Ai\ , aiul iho ro- 
lalioiial (vlavalton rato, 

\ • nSt-^ . (i:t 
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whon* 0(r> ■ oVn»‘i'"\p I. Iho room lomporaUiro linoxxiJih. and is iho liitovonlor 

froipioncy of tho l-IK iransilion. At lino oonlor, otpialioit l.l rodiKos lo; 
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Hu* ilcpomlriur uf N un tcinpculurc i» given by: 


v»-7C',k 


whore p* U ihe ro«>iu-leinporaliire inoleailar ilenvily, i» Ihe rraclion of iiutlooulev in ihe 
ground vibrational manifold, and fj|^is the fraction of moieculon with rotational (|iiantum 
luimberv J and K. The fj^ characteri/e »ym:netric top imtioailes, but. in general, if the 
molecule i» not a symmetric top, an appropriate distribution function for rotation can be 

UM*d. 


For a vymmetic top with rotational constants H and 
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Itl.k) is a statistical weiglit factor due to the nuclear spins ami the degeneracy with respect 
to inversion. For molecules with three or more atoms, 'id, k) is bounded by 2 |5|. 


Ilie thermal ei|uilibriuin number density of molecules in the 0-state with rotational 
i|u.in)u n numbers .1 and K is given by: 
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%^hcrr 1-,^ U thr rncrfo ncpjraluHi h^iwccn lc\cli 0 4iui 2. l-\p4iuiingi Ihc vihraiioiul c\* 
Pimrnl 4iHi noting thr Jvuniiunt drpaulcmr ol for low J und K rrMill* in the 
4ppro\iiiial« cxpivMion; 
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where Nj^ u the riHMii tempcrjnire piipubiion dernnty. 
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Ho«^e\et, eq :atu>n tS in not apprviprule for high J aiul k \aliiek becjiiM', dl mmiu* 
iTilical point, the e\piHient>«l ptwtion of f,,^ begiiix to doniiiMte it% Mw\ior. Uheii ihe 
> • I term due to the ide4l g4s Uw i> iMnitled, (>) will begin lo grow with > > I when 

(\o))| >0 . il‘» 

-' > • I 

)lii» le,uU to Ihc condition. 
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l or 4 txpical molecule that i« emitting in the nubmillimeler w j>eleiigth region. 

. |.o 

• .tlH), which lejds lo J > 20. \Mien con»l,iiil piC'iMire is in4inl.iined, Ihe cnterion 
hH 

becomes: 
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which results in J > .10. 


7 


I'lHurr* 2 4ihI illutirair the i1c|h*iuU*iu’c of N, (>< f»H ^omlanl prewurv JtuI i'on«liinl 
tlciuily on > iiul J. Ilto rxprrMion itonxi'il Ihw <«r C4ii br sub«tituii\l in rt|ii4liitn» 5 jiul 
n lo iicicnninr aiuI of >) dl liiu' ccnicr. 
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In Ibo limit, ^ ^ cxpicMion, 


ilOi ■ d*> . 

may be usod. where o'* is the rtH*m-temperatiire \ .ilue 


•\t yonstJiit piesMire, the saturation power is jmen b\ 

P 



l.Mi 


i\|nations 22. 2.1. 24, and 4 ean be usi'd to pn\het the teinpeiatmv behavior. Pie 
tx'sult IS partieularh simple lot low J \ allies and is imen b\ 
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where <» • — '* emitted at uhmii temperatiiri . I‘i)!ure 4 shows the 


power dependenee of the eonstant pivssiin* sxsteni for low and hijsh J v.ihies 


I or • llxrd molciular numbci in the lavr Uihe, the Mlowmit temperature Je- 

ivndrnec* appl> tiinc center); 
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Ilu* loreitomii ei|uatioiu iiive: 


at>) * •“ (!im J value* oul\ ) , 


l’.(» • It • 

I tjuation* 2K and 2d result in a power output dependence jtiven b> 


*V / « \ 
' (,■ ) 



I igurc 5 illukiratc* the power output a« a fuitction of temperature for a »ealeil-off la»er 
tube. It u evident that low J value* are favored hy low temperaturi'*. whereat hinh J traiv.l* 
tiont Improve their output with increating temiHrrature*. 

Ditcutnon 

It hat been drown that the intull tignol turn at the I IK trantition it highly dependent 
on temperature for both eon»tant-pret*ure and eonttant-vlentity operation*, primarily becaiue 
of the »en»itivity of the ground-ttate population on temperature. Moreover, it it diow n that 
this population, and therefore a, are de|H*ndent on the J valuet of the ground-state level. 

I owering the temperature favor* the low J valuet. whereat raiting the temperature lav or* 
higli J values. However, beeaute nu>st of the transitions observed are restricted to nuHlerate 
value* of J, it I* expected that most I IK later* would have increased small signal gams at 
lower temperatures. Fliit it especially important for traveling-wave MR amplifers. 

file power coupled out of the I'lR ossillator is more temiH’rature-tensitive in constant- 
pressure systems because the saturation power it proportional to V Hiis makes it harder 
to saturate the transition at lower temperatua*. In both constant -pressure and constant- 
density systems, the net power coupled out as a function of temperatun.* is dependent on J. 
lliis effect should be most pronounced for the constant-density system. 

The analysis suggests that, for higli-gain TIR amplifiers. ciHvling an MR gas (o|H*rali.ig 
on a J < 10) would result in dramatic increases in single-pass gains, llie same siiggestii'iis 


are recommended for a constant-pressure oscillator system. 
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F.gu»* 1 Sch*m4tiC R»ivMWUIion ot Enrtg> I •v*l» 
U»«d in Four L*v*l Rit* Mo\1#i 
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Figurs 2. Population Daniity of O-State in the Absence 
of Pumping (constant density) 
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Al'PI NDIX 


In this appendix, the temperature de|H*ndencex of the three rate*. and W^, are 

derived. 


Kate of Pumping 


Ilie rate of pumping. W^, it jiiven by: 


W 

p 


c* l(Pp» 

gl»'l . 

t 

•r 


where ItPp) is the intensity at the pumping region, and g(v) is a normali/ed ('laussian tliat 
describes the 0 -• 2 transition, which is Doppler-broadened, gti'l is given by: 



exp I - |4 ln(2)(P|, 



where 



If it is assumed that temperature changes do not affect the average pump intensity 
inside the I- IK cavity, then only the line shape function changes with temperature. In par- 
ticular, the Doppler width. Ar^„ . and the exponential an.* the varying quantities. Dris result 


l‘) 





bU'a'.i 


in a temperature dependence given by: 



where Z is a constant defined in terms of room-temperature values. 

Homogeneous Linewith 

It was stated previously that the rotational relaxation rate is proportional to the hoiiuv 
geneous linewidth of the FIR transition, . Die effects of temperature changes on 
result from the velocity dependence of the collision cross section between two molecules. 
Intermolecular interactions may be treated by perturbation theory with interaction Hamil- 
tonians of the form. r'". Because most FIR moircules either are symmetric tops or can be 
approximated as such (for example, CHj OH), their strongest interaction is that of two 
dipoles. Diis interaction has the fonn. V(r) ■ (/i, • - 3(;i| • r) (/i, • r)/r^ )| r'^ , wliere 

and (*2 dipole moment vectors, and r is the vector that separates them. Die r’^ term 
is the first-order term because symmetric tops have a dipole-moment component that main- 
tains its orientation relative to the angular momentum vector.* 

From considerations involving the matrix elements for the r'" interaction and total 
cross sections for collision, it can be shown that the homogeneous linewidth is proportional 
to: 

pyl-Mn-n 

*C. H. Townw and A. L. Schtwhw, \fUrotnve Spectroscopy Mc('>(jw*llill New York. 195S. pp. J59-ibO. 
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v^horc fi i> llu* ilctiiiiiv of mu(ov'ulc». anti i« llu* molecular voltK'ily. Moreover, hecauve 
p o T* , V a •uul II ■ 3 for »>mmelnc lo|*v, ■> I‘H coiiviaiil piewmre aiul 

Ju'^ * lor coiiviaiil ilenaiiy. 

Vihratioiial Kelaxatioii Rate 

llie vibrational relaxation rate, is the rate at which molecules retiini to the ttroiiiul 
vibrational manifold. This rate has been attributed predominantly to the collisions of vibra- 
tionally excited molecules with the container walls. It is assumed that each Ci>llision with 
the wall ri*sulls in the mmradiative deexcitation of the molecule. Hierefore. the rate of 
wall collisions is approximately »aven by the recipriKal of the time it t.ikes for a molecule 
to diffuse from the center of the tube to the wall. Iliis is niven by: 

sn 

d» ■ 

where l> is the self-diffiisiim coefficient, and d is the laser tube di.mieter. Simple billiard* 
ball iliffusuMi theory ruves; 

n - \\IS . 


where V is the mean vehvity of a molecule, and X is the mean free path. This results in’ 



I 

I 


I 

This rebtionship leads to: 

Wy(7) ■ (constant preuure) , 

W^(y) ■ (constant density) 


